The expression of elaborated displays provides reliable information to conspecifics about the quality of the signaler. Competition for breeding resources or mates is predicted to affect the expression of signals in both males and females; however, the literature has been typically focused on male behaviors. The spotless starling is an interesting example where both sexes decorate the nest to signal their condition and social status: males add green plants at the beginning of the breeding period, and females place foreign feathers during the incubation period. In this study, we investigate nest decoration by males and females in relation to the intensity of conspecific competition during the breeding period. We distributed nest boxes at either a high (HD) or a low density (LD) and recorded the amount of green plant material added before laying, the number of feathers at hatching, and the breeding productivity under these different density treatments. The amount of green plant material and the number of feathers at hatching were higher in HD than in LD nests. Furthermore, nest boxes at higher density had lower breeding productivity. Our results suggest that manipulating the density of nest boxes increased competition for breeding resources. The aggregation of males competing for territories and mates may stimulate them to add greater amounts of plants, and competition over those males or other resources for reproduction may induce females to add feathers. This study shows that social environment has the potential to influence the expression of signaling behaviors in both males and females.
INTRODUCTION
In many species, females, as well as males, exhibit elaborated ornaments and ritualized behaviors (Andersson 1994; Amundsen 2000; Kraaijeveld et al. 2007; Clutton-Brock 2009; Clutton-Brock and Huchard 2013) , which has major implications for our understanding of how sexual selection operates (Clutton-Brock 2007 , 2009 ; Kraaijeveld et al. 2007; Rosvall 2011; Tobias et al. 2012) . Recent evidence is giving consistence to the idea that competition over mates and other resources for reproduction, typically considered as ultimate causes for male ornamentation, can also explain ornamental trait evolution in females (Amundsen 2000; Veiga and Polo 2005; Robinson and Kruuk 2007; Kraaijeveld et al. 2007; Rosvall 2008; Rubenstein and Lovette 2009; Clutton-Brock and Huchard 2013) . When the competition for breeding resources and mates is intense in both sexes, both males and females are expected to develop badges of social status and territorial displays. These signals of social status may represent reliable proxies of individual quality and competitive ability when they have associated costs that only high quality individuals can afford, for example, those derived from or increased predation (differential predation hypothesis; Fugle and Rothstein 1987) or from increased intrasexual aggression (social control hypothesis ; Rohwer 1977; López-Idiáguez et al. 2016; Tarjuelo et al. 2016) .
Nest-building behavior and nest decoration may have become ritualized into signals by the territory-owners to conspecifics in several avian species (Borgia and Gore 1986; Soler et al. 1998; Veiga et al. 2006; Moreno 2012) . Males of different species decorate their nests with green plants, foreign feathers, or plastics to signal their quality and attract females to their territories (e.g. Brouwer and Komdeur 2004; Veiga et al. 2006; García-López de Hierro et al. 2013) . Although the function of the nest ornaments has been typically studied in males, there is also evidence that females use odd materials to signal their quality or social status to their mate or to conspecific competitors (Veiga and Polo 2005; Tomás et al. 2013; García-Navas et al. 2015) .
The use of conspicuous signals may be particularly advantageous when the density of conspecifics is high and there are frequent antagonistic interactions between neighbors (Birkhead 1978; Stamps et al. 1997; Penteriani 2003) . Although breeding density is an important factor determining fitness and social behavior of birds (Sillett et al. 2004; Nevoux et al. 2011) , little is known about its potential to modulate male and female signaling behaviors in wild populations (Birkhead 1978; Penteriani 2003) . Here, we investigate whether nest decoration by male and female spotless starlings (Sturnus unicolor) is affected by the density of conspecifics and competition during the breeding period.
The spotless starling is a facultatively colonial and moderately polygynous bird that breeds in natural cavities and in artificial nest boxes. Both males and females defend breeding territories from same-sex conspecifics and perform territorial displays during different phases of the breeding period. Males typically compete for breeding territories at the beginning of the season and incorporate green plants, aromatic herbs, flowers, and lichens to their nest boxes. By carrying green nesting material, males attract females to the nest box and stimulate them for reproduction Polo et al. 2010) . Later, during the laying and incubation periods, the female nest-owners place flight feathers of different bird species into the cavity-nest in places that maximize the conspicuousness of the nest (Veiga and Polo 2005) . The number of feathers that are displayed is related to the age of the female nest-owner and to the amount of green plant material carried by the male in the days before laying . We assume that the female invests in a timeconsuming collection of feathers during part of the breeding period to signal her quality to her partner, or to competing females that try to reproduce with the same male. Female competition for breeding resources and mates is important in this species, as they try to prevent their mates from attracting other females and defend their brood against intruders after mating (Veiga and Polo 2008; Polo et al. 2010; Veiga et al. 2012; Polo et al. 2015) . As this competition is costly to a female's fitness, it has the potential to act as an ultimate cause in the evolution of conspecific signaling behaviors.
In this experiment, we manipulated conspecific density during the breeding period by distributing nest boxes at a high (HD nests) and a low density (LD nests), and examined the effect of this manipulation on the sexual display of males and females. We used the breeding productivity as a surrogate of conspecific competition during the breeding period. Males competing for nest boxes in dense areas might increase the intensity of their sexual displays, and therefore, we expected to find greater amounts of green nesting material in HD nests during the courtship period than in LD nests. Competition between females for the preferred males may also stimulate their signaling behavior using feathers during the laying and incubation periods, and therefore, we predicted that the number of feathers at hatching would be greater in HD nests than in LD nests. Ultimately, we aim to understand how breeding density may affect social displays of both males and females.
MATERIAL AND METHODS

Species and study area
The spotless starling is a facultatively colonial species; previous observations showed that they breed both solitarily, in loose neighborhood groups (average nearest-neighbor distance above 70 m) and in high densities, occupying all available nesting sites on roofs and buildings (average distances between neighbors 2-10 m; Cramp and Perrins 1994) . Although it is the male who defends breeding territories and competes to increase the number of nesting sites and mating opportunities (Veiga et al. 2001) , the competition among females for breeding resources is also important in this species and has the potential to affect the fitness and breeding behavior of females Polo 2008, Polo et al. 2015) .
Starlings generally lay 2 clutches a year, the first by mid-April and the second ca. 40 days later, by the end of May. Males incorporate fragments of lichens, green twigs, and flowers during the 7-10 days immediately preceding the laying period; they generally stop adding green nesting material when the first egg has been laid . Starting approximately 3 days before the onset of laying, the female incorporates a variable number of flight feathers of different bird species into the nest. These feathers are placed around the nest cup, frequently arranged against the nest box walls, and not necessarily in contact with the eggs (Veiga and Polo 2005; Polo and Veiga 2006) . The number of feathers in the nest increases during the laying and the incubation periods and reaches a maximum, on average 7 feathers in a range from 0 to 40, on the day the first egg hatches .
We studied a colony of spotless starling breeding in nest boxes in Manzanares el Real ( 
Experimental design
Nest boxes were distributed in 2 treatments: high density (HD; 48 nest boxes clustered in 8 groups of 6 nests; average nearest-neighbor distance of 10 ± 5m, mean ± SD) and low density (LD; 50 nest boxes placed on average 58 ± 13 m apart; Figure 1 ). These average distances between nest boxes simulate 2 extremes within the range of densities observed in natural conditions (Cramp and Perrins 1994; Veiga and Polo 2016) . Nest boxes were distributed along the entire 200 400 Meters
Figure 1
Map of the study area with the positions of the nest boxes in the highdensity (HD); black dots and the low-density (LD) treatments; white dots. Polygons represent the spatial clusters generated with a k-means grouping procedure, conducted to control for potential errors due to spatial pseudo-replication. study area to occupy all different habitats in the area and their position was maintained for the 2 years of the experiment. To account for any potential effects that may be due to the fact that nest boxes within the same group share the same environment, we classified the study area into 9 spatial clusters and considered the cluster as a random factor in mixed models (see Data analysis section). The spatial clusters were generated using the k-means grouping method: the nest boxes were grouped into a number of clusters in such a way that each nest box was assigned to the cluster that minimized the Euclidean distance to the centroid of the cluster. This method requires to determine a priori the total number of clusters; for our purpose, we used the number of clusters necessary to separate each HD group into an individual cluster. However, a sensitivity analysis revealed that the outcome of our analyses did not depend on the number of spatial clusters considered in the analyses. We visited the nest boxes periodically during the entire breeding season and determined the amount of green nesting material and the number of feathers in each nest box. The amount of green plant material was measured using an exponential classification scale with 6 levels (the same scale was used in previous studies, e.g. Veiga et al. 2006) : 1) absence of green plants in the nest; 2) traces of green plant material: a single fragment less than 2-4 cm or 2 fragments of up to 2 cm; 3) small amount of plant material: a single fragment of 4-5 cm or 2 fragments of between 2-4 cm; 4) intermediate amount of plant material: 2 or 3 fragments of between 2-5 cm or 3 to 5 fragments of up to 2 cm; 5) large amount of plant material: 4 or 5 fragments of between 2-5 cm or 6 to 8 fragments of up to 2 cm; and 6) very large amount of plant material: more than 5 fragments between 2-5 cm or more than 8 fragments less than 2 cm. Researchers were previously trained to prevent potential biases in the estimations. We determined the amount of green plant material in several visits starting from 2 weeks before the onset of laying until the first egg appeared (for an average of 5.9, ranging from 3 to 10, times per nest and reproductive attempt). Finally, we considered the average of the 3 maximum values found during the sampling interval for each nest.
The number of feathers was counted at every visit from ca. 3 days before the onset of laying until hatching. We recorded the maximum number counted in the nest at any one time, which was generally 0-2 days before hatching of the first laid egg . We also considered in the analyses those clutches that were abandoned 1 to 2 days before the expected date of hatching (25 and 21 clutches in the LD and HD treatments respectively, 12.6% of the total sample). For those cases, we considered the number of feathers observed at the moment of desertion. For the rest of the broods, we could determine the number of eggs, hatchlings and fledglings and identified the mother of the brood. Breeding females were captured within their nest boxes when feeding 5-days-old nestlings and were marked with numbered aluminum rings for individual identification. To prevent researchers from causing greater stress in HD nests, due to the fact that there are more nest boxes in a smaller area, we only captured 1 or 2 females each day of the total 6 nest boxes in the HD groups.
The experiment was carried out during 2015 and 2016 for both first and second clutches. The rate of occupation of the nest boxes was high and did not differ between the HD and LD treatments: first clutches 99.0% versus 98.9% (LD vs. HD; χ 2 1 = 0.001, P = 0.97); second clutches: 81.0% versus 74.8% (χ 2 1 = 1.113, P = 0.29).
Data analysis
We compared nests from the HD and LD treatments to investigate the effect of breeding density on the amount of green plant material, the number of feathers at hatching and breeding productivity (both log-transformed) using general linear mixed-effect models. We considered the spatial cluster and its interaction with the experimental treatment as 2 random factors to prevent spatial pseudo-replication (Figure 1) . Additionally, the nest box identity nested within the spatial cluster (Nest ID) was considered as an additional random factor to control for successive broods in the same nest. The treatment (HD vs. LD), laying date (number of days since April 1), and year (2015 vs. 2016) were included as linear predictors in the models. To represent the increase in the number of feathers in HD and LD nests during the laying and incubation periods graphically, we fitted local polynomial regressions to a subset of daily observations obtained from 48 nest boxes (24 HD nests from 4 complete groups vs. 24 LD nests). These data were only used to represent the variations in the number of feathers; for the analyses of the effect of treatment on number of feathers, we considered only the number of feathers at hatching. We also examined the effect of treatment on breeding success by comparing clutch size, fledging survival (i.e. number of fledglings in relation to the number of hatched eggs) and the total number of fledglings in HD versus LD nests. The clutch size was logtransformed and included as a response variable in a general linear mixed-effect model using the random factors and linear predictors outlined above. Fledgling survival was analyzed using generalized linear mixed-effect models assuming binomial error distribution and using a logit link. Moreover, we compared the age of mothers breeding in HD and LD nests to explore the potential segregation of young and experienced mothers, which might explain differences in their breeding outputs and feather-carrying activity . Mixed models were fitted using the statistical package lme4 (Bates et al. 2015) in R 3.3.2 (R Core Team 2016).
RESULTS
Nest ornaments and breeding density
The amount of green nesting material, recorded before the beginning of egg-laying, was significantly higher in HD than in LD nests. Besides, the number of ornamental feathers at hatching was also higher in HD nests than in LD nests (Figure 2 ; Table 1a and b). During the laying and incubation periods, the number of feathers in the nests increased along a sigmoid curve (Figure 3) . The rate of increase in the number of feathers per day increased after the fourth egg has been laid (i.e. when the incubation begins; personal observation) and finally reached higher values in the HD than LD nests (Figure 3) .
The amount of plant material recorded in the nests increased in relation to the date of the beginning of egg-laying in accordance with previous observations . By contrast, the number of feathers was not significantly related to the date of the beginning of egg-laying (Table 1) . Additionally, we found greater amounts of green plant material and more feathers in the second year of the experiment compared to the first; nonetheless, the differences between HD and LD nests were present in both years ( Figure 2 ).
Reproductive success and breeding density
The mean clutch size did not differ between HD and LD nests and did not vary in relation to the date of the beginning of egg-laying. However, the probability of fledgling survival was lower in HD nests and decreased in relation to the laying date (Table 1c and d) . The negative effect of breeding density on the production of fledglings was also significant when considering the total number of fledglings (F 1, 99.6 = 5.50, P = 0.020). The lower reproductive success in the HD nests was unlikely due to differences in the age of breeding females (mean age ± SE: 2.22 ± 0.13 vs. 2.39 ± 0.15 years (HD vs. LD); F 1, 155.5 = 0.48; P = 0.49).
DISCUSSION
We found that individuals breeding in nest boxes at higher density had lower reproductive success and carried greater amounts of ornamental green plants and more feathers during the pre-laying and incubation period, respectively (Table 1) , and the effects were consistent in both years of the experiment (Figure 2) . The aggregation of individuals typically increases the number of agonistic interactions and the competition for breeding resources, which reduce different parameters of their reproductive success (Alatalo and Lundberg 1984; Both 1998; Both et al. 1999; Rodenhouse et al. 2003; Sillett et al. 2004; Nevoux et al. 2011) . In starlings, both males and females are aggressive towards conspecifics intruding on their territories, which can be either other territorial birds or floaters searching for mates or nests to brood parasitize (Veiga et al. 2012) . Agonistic interactions among competing females affect their physiology during the breeding period, reducing the amount of care that they devote to, and the fitness of, their offspring (Veiga and Polo 2008; Polo et al. 2010 Polo et al. , 2015 . In this context, the use of green plants and feathers as nest ornaments may play a role as conspecific signals of territoriality of males and females, respectively. The amount of green nesting material and feathers are related to the condition of males and females, respectively, and they may reflect their competitive abilities or willingness to defend their territory against conspecific competitors Polo and Veiga 2006) . Such nest-building behavior, incorporating non-structural nesting materials, may have become ritualized into signals of territory-ownership in several starling species (Brouwer and Komdeur 2004; Veiga and Polo 2005; Veiga et al. 2006) . In species that often breed in dense colonies occupying all available nesting sites, the density of conspecifics may be an important factor modulating the signaling function of ritualized behaviors in both sexes.
Previous evidence in both European species of starlings suggests that females prefer to mate with males that add greater amounts of green material to their nests Polo et al. 2010 in the spotless starling; Brouwer and Komdeur 2004 in the European starling). The dense aggregation of nest boxes may have attracted females trying to collect public information of the breeding status of males and the quality of their territories, which may facilitate the comparison of the attractiveness of different potential mates (Parejo et al. 2008; Veiga et al. 2013) . In this sense, the presence of other males and females in adjacent territories may stimulate their sexual displays. For example, experiments with European starlings showed that males carry green plants more frequently when a caged female is placed adjacent to their nest box (Pinxten et al. 2003; Brouwer and Komdeur 2004) . In the Eurasian Eagle Owl (Bubo bubo), conspecific density has been shown to affect the duration of male calls and their honesty as signals of male and/or territory quality (Penteriani 2003) .
The greater level of competition in areas of higher density could induce the segregation of males in better condition, more aggressive or bolder, which are more successful at competing for mating opportunities in dense areas, from those less aggressive or shyer that avoid the costs associated with high-density areas and occupy more isolated nest boxes. In such a case, the greater ornamentation of nests in areas with higher density may be the consequence of the non-random segregation of individuals with different qualities or different personalities between the 2 treatments. For example, fluctuations in population density have been shown to favor individuals with different personalities under low and high densities in the great tit (Parus major; Nicolaus et al. 2016) . It is possible that males in better condition and more attractive preferred to breed in areas with higher density of nests if, for example, they increase their chances to breed with several females. Thus, they could compensate the lower reproductive success per breeding attempt in HD nests by increasing the number of mates or extrapair copulations. Further research is necessary to understand whether individuals with different attributes benefit from breeding in areas with different density of nests and whether they select their territories accordingly.
Different morphological and behavioral traits of females in birds may act as badges of status (Griggio et al. 2010; Crowhurst et al. 2012; García-Navas et al. 2015; López-Idiáguez et al. 2016) . For example, it has been shown that female rock sparrows (Petronia petronia) with a relatively larger yellow patch had earlier access to food than those with small patches (Griggio et al. 2010) . In some cases, the same plumage ornament seems to have a different function between the sexes as a signal of social status (Crowhurst et al. 2012) . Among the badges of status conducted during the breeding period, female rock sparrows decorate their nest with ornamental feathers and thus reduce the number of intrusions by floater individuals (García-Navas et al. 2015) . Female starlings compete for attractive males and have aggressive encounters that often result in the partial or complete destruction of the brood of the opponent. The competitive abilities of females may depend on their aggressiveness and the level of testosterone during the breeding period. Thus, the experimental addition of green plants to nests increased their level of circulating testosterone (Polo et al. 2010) , and the experimental administration of testosterone increased the number of years breeding with attractive males (Veiga and Polo 2008) . However, high levels of circulating testosterone are costly for the female as it reduces parental care and subsequently the fitness of their offspring. Besides, the experimental addition of green plants reduced the female nest-owner's fitness (Polo et al. 2015) , and stimulated the female nest-owner to add more ornamental feathers to the nest during the laying and incubation periods . Taking all of this information together, we expected to find a positive relationship between the amount of green plant material and feathers in a nest (Figure 2 and see Polo and Veiga 2006) as a way to prevent future competition between neighbors or floating females to frustrate attempts of aggressions or brood sabotages .
We cannot discard that the use of feathers by female starlings also played a role in the communication with her partner, for example, to elicit male assistance. In previous studies, the experimental addition of feathers to nests of spotless starling increased fitness to twice the number of recruits per brood, suggesting that females obtain fitness benefits from adding feathers to their nests (Polo V, Rubalcaba JG and Veiga JP, unpublished data) . Although we did not find evidence that the addition of feathers increased feeding rates or nest sanitation by the male (Veiga and Polo 2011) , it is possible that it affected other male behaviors, such as the time invested into brood protection. For example, by carrying ornamental feathers to their nests, female rock sparrows stimulate the male to spend more time guarding the brood and reduce the number of intrusions (García-Navas et al. 2015) . Similarly, conspecific density could Daily increase in the number of feathers in nests from 3 days before the onset of laying until hatching in the high-density black dots, black line and the low-density treatments white dots, grey line. The arrows represent, respectively, the beginning of incubation and the day of the first hatching. The smooth lines were fitted using local polynomial regressions. stimulate female starlings to add more ornamental feathers, consequently reducing competition with neighboring females or with those attracted by the attractive males in HD nests.
One may speculate that green plants or feathers were added to prevent an increased load of ectoparasites in areas with higher density of nesting sites. For several bird species, the addition of green plants to the nests has been shown to protect chicks from bacteria and other ectoparasites (e.g. blue tit Cyanistes caeruleus Mennerat et al. 2009) . Similarly, chemical compounds in feathers may reduce bacteria, fungi or ectoparasites in avian nests. For example, white feathers that were carried to the nest and used as lining material by swallows reduced the bacterial density on egg shells at the end of the incubation period (Peralta-Sánchez et al. 2010) . Most studies failed to provide evidence for the insecticidal function of green plants in starling nests and support the idea that they play a role as sexually selected signals (see review in ScottBaumann and Morgan 2015). However, recent studies have found antibacterial properties mainly in the chemical compounds of feathers but also in plants ( Ruiz-Castellano et al. 2016) , which can aid in preventing the detrimental effects of bacteria on nestlings (Soler et al. 2017) . The effect of the social environment on nestling condition, parasite loads and parental behavior is a promising area for investigation.
This study, to our knowledge, represents the first evidence that breeding density can affect the expression of 2 sex-specific signaling behaviors. The social environment may be a key factor modulating the expression of signaling behaviors involved in the defense of breeding territories and mate attraction. Recent evidence is giving consistence to the idea that females, like males, obtain benefits from using ornaments to signal their condition or social status to males or to other females.
FUNDING
